Background-Influenza A virus (IAV) is the etiologic agent of the febrile respiratory illness, commonly referred to as 'flu'. The lysosomal protease cathepsin B (CTSB) has shown to be involved in the lifecycle of various viruses. Here, we examined the role of CTSB in the IAV lifecycle.
Introduction
Influenza virus is an enveloped virus with segmented, negative-sense, single-stranded RNA genome (1) . Among the three species of influenza viruses A, B and C, human infections are most commonly caused by type A viruses (IAV), and result in a mild febrile illness to death (2) . The genome of IAV encodes eleven proteins, eight of which are packaged into progeny virions, with hemagglutinin (HA) and neuraminidase (NA) expressed on the surface of virions as envelope glycoproteins. While NA facilitates progeny virion release, HA is responsible for virus entry (3) (4) (5) and other functions (6) (7) (8) . Binding of the spike glycoprotein HA to sialic acid moieties on the host plasma membrane triggers the uptake of the virion into an endosome (4) . The endosome is trafficked towards the nucleus and acidified as it matures (9) . At ~5-6 pH, HA undergoes an irreversible conformational change to mediate the fusion of the viral envelope and endosomal membrane, thus releasing the ribonucleoprotein core into the host cytoplasm. Once in the cytoplasm, the core dissociates and the newly freed viral genome is actively imported into the nucleus, where replication of progeny genomes and transcription of mRNAs take place (10) . Viral mRNAs are then exported from the nucleus for translation. Transmembrane proteins such as HA and NA are synthesized on rough endoplasmic reticulum, delivered to the plasma membrane via an exocytic pathway, and targeted to cholesterol-rich lipid raft microdomains where progeny virions are assembled and released (11) . Accumulation of HA at the membrane triggers the nuclear export of progeny genomes to the membrane, mediated through the host cytoskeleton and Rab11-positive recycling endosomes (12) (13) (14) . Although poorly understood, the process of budding and release is thought to begin with deformation of the host membrane, possibly due to HA-induced membrane curvature (15) , interaction of the matrix M1 protein with progeny genomes (16, 17) , and M2-mediated scission to separate a fully formed viral envelope (18) . Recent studies also showed that IAV usurps host autophagy process to extracellularly release progeny viruses by directing autophagosomes to plasma membrane (19) . Here, the proton channel matrix protein M2 plays a key role in directing autophagosomes to the plasma membrane, through directly interacting with the autophagy protein LC3 (20) or its proton pump activity (21) . However, involvement of other autophagy processing factors in IAV exocytosis still remains to be examined.
Cathepsin B (CTSB) is a lysosomal cysteine protease primarily involved in the degradation of lysosomal proteins. In addition to its roles in protein turnover, CTSB plays key roles in the lifecycle of several viruses including Ebola virus (22) , Nipah virus (23), Moloney murine leukemia virus (24) and feline coronavirus (25) . CTSB catalytically activates viral membrane glycoproteins, which leads to viral release from endosomes to the cytoplasm through fusion of the viral envelope with the endosomal membrane (26, 27) . Unenveloped reovirus uses CTSB for the proteolytic disassembly of the viral capsid while in host endosomes (28) . Adeno-associated virus types 2 and 8 use CTSB to cleave capsid proteins, thereby priming rapid capsid disassembly in the nucleus (29) . The catalytic activity of CTSB is also involved in the optimal replication of Herpes simplex virus type I DNA (30) . We also showed that CTSB is involved in the trafficking of tumor necrosis factor α-containing vesicles to the plasma membrane (31) and efficient release of HIV virions from macrophages (32) . Deficiency in functional CTSB retains tumor necrosis factor α and HIV virions in in the recycling endosomes and intracellular multivesicular bodies. Here, we further examined the role of CTSB in IAV infection using CTSB-deficient (CTSB −/− ) bone marrow-derived immortalized macrophages (BMDIM) and CA-074Me in A549 human lung adenocarcinoma cells. We found that CTSB plays a key role in optimal production of progeny IAVs.
Methods

Reagents
The synthetic CTSB inhibitor [L-3-trans-(Propylcarbamoyl)oxirane-2-carbonyl]-Lisoleucyl-L-proline Methyl Ester (CA-074 Me) was purchased from Peptide Institute Inc. (Osaka, Japan). Actinomycin D (ActD; A9415) and LysoTracker Red (L-7528) were purchased from Sigma (Oakville, Canada) and Life Technologies (Invitrogen, Molecular Probes). The PR8 strain of IAV (A/Puerto Rico/8/34, H1N1) was grown in 10-day-old embryonated chicken eggs and used as infectious allantoic fluid. Primary antibodies used include polyclonal anti-β Actin (Rockland #600-401-886) and monoclonal anti-HA (hybridoma H28-E23) (33) . Secondary antibodies used include goat anti-rabbit IgG IRDye 800 (Li-Cor #926-32211; Lincon, United States), goat anti-mouse IgG IRDye 800 (Li-Cor #926-32210; Lincon, United States), and fluorescein-conjugated goat anti-mouse IgG F (ab ′) 2 fragment (Jackson ImmunoResearch #115-096-146; West Grove, United States).
Cell culture
Human lung adenocarcinoma A549 cells were grown in DMEM supplemented with 10% heat-inactivated fetal bovine serum (FBS; VWR; Mississauga, Canada), 1 mM MEM nonessential amino acid solution, 100 U/mL penicillin G, 100 μg/mL streptomycin and 1 mM sodium pyruvate (Sigma; Oakville, Canada). Primary and immortalized bone marrowderived macrophages (BMDIM) from C57 BL/6 wild-type or CTSB −/− mice were prepared as described previously (31, 34) . Cells were grown in RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum (FBS; Sigma; Oakville, Canada), 1 mM MEM nonessential amino acid solution, 100 U/mL penicillin G, 100 μg/mL streptomycin and 1 mM sodium pyruvate. All cells were grown at 37 C in a humidified atmosphere containing 5% CO 2 .
Viral infections
One million cells were placed in 15 mL conical tubes and infected with IAV-PR8 at an MOI of 1, 5 or 10 for 1 h in 1 mL of PBS rotating at 37 C. Conditions with CA-074Me or ActD received the drug at the time of infection. After one hour adsorption, 5 mL of complete culture medium was added to the cells (with drug, if applicable) and incubation continued for a further 5 hours while rotating at 37 C.
MTT Assay
Seventy five thousand cells seeded in 96-well microtiter plates were treated in the presence or absence of drug for six hours at 37 C to reproduce conditions during infection. After treatment, MTT was added to a final concentration of 0.5 mg/mL and incubation continued for an additional 2 hours. Culture medium was then aspirated and 100 μL of DMSO was added to solubilize purple formazan crystals. After a 10 min incubation, absorbance was read at 570 nm using a plate reader, and the values of blank wells were averaged and subtracted from samples. Untreated conditions served as positive controls from which viability was calculated.
RT-qPCR
Briefly, RNA was extracted from cells using TriZol (Invitrogen; Burlington, Canada) and 0.5 μg was reverse transcribed with M-MuLV (New England Biolabs; Whitby, Canada) following manufacturer's protocols using two viral gene-specific primers to yield template cDNA (see below). One μL of this sample was amplified with SYBR Green PCR Master Mix (Invitrogen; Burlington, Canada) and quantified using a Rotor-Gene RG3000 (Corbett Life Science; Kirkland, Canada) with the following cycling conditions: 94 C for 2 min; 94 C for 15 sec, 54 C for 30 sec, and 72 C for 30 sec with 30 cycles. Target amplicons for the two genes were PCR-amplified and a standard curve of each was generated by making a series of ten-fold dilutions. Known concentrations of amplicon were used to calculate copy number, and the resulting equations were used to determine the copy numbers of unknown samples based on Ct values as described previously (35, 36) .
HA primers were generated from a sequence specific to the IAV-PR8 strain of influenza (GenBank: CY009447.1) using Primer3.
HA Fwd/RT primer: 5′-TGCTTCAAAACAGCCAAGTG-3′ HA Rev primer: 5′-GCCCAGTACCTGCTTCTCAG-3′
MA primers were generated from a sequence reported in literature to be highly conserved among viral subtypes (37) .
Matrix Fwd/RT primer: 5′-CTTCTAACCGAGGTCGAAACG-3′
Matrix Rev primer: 5′-GCATTTTGGACAAAGCGTCT-3′
Western Blot
Samples were lysed on ice for 20 minutes in cold lysis buffer (50 mM tris-HCl [pH=7.4], 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% SDS with protease inhibitor cocktail [Roche; Mississauga, Canada]) and run on 10% SDS gels at a voltage of 110V for 1.5 hours. Proteins separated by the gel were semi-dry transferred onto PVDF (Pall Life Sciences; Mississauga, Canada) for 1.5 hours at 18V. Membranes were blocked in 5% (w/v) skim milk in tris-buffered saline (TBS; 50 mM tris-HCl, 150 mM NaCl, pH 7.5) containing 0.08% Tween 20 (TTBS) for one hour and probed with primary antibodies at a 1:1000 dilution in TTBS overnight at room temperature. The following day, blots were washed in TTBS and incubated with secondary antibodies at a dilution of 1:10000 in TTBS for one hour. Blots were imaged using the Li-Cor Odyssey system (Guelph, Canada). Densitometric analysis on Western blots was performed using the densitometry feature in ImageJ (NIH; Bethesda, United States). Lanes were analyzed and the resulting histograms were used to measure band density by measuring the area under each peak with any background subtracted. Densities of target immunoreactivities were then normalized to a loading control (β-actin) for data analysis.
Flow cytometry analysis
BMDIM were treated with IAV-PR8 at an MOI of 1 with or without CA-074Me for 1h. After 6 h, cells were washed with ice-cold PBS, and then sequentially incubated with anti-HA antibodies and Alexa Fluor488-conjugated secondary antibody for 30 min each at 4 °C.
Cells were then fixed with 1% par-formaldehyde and analyzed by flow cytometry using a FACS CantoII (BD Biosciences), Data analysis was performed using CellQuest software (BD Biosciences).
Immunofluorescence Microscopy
Fifty thousand A549 cells suspended in 50 μL of PBS were seeded onto coverslips and allowed to attach (~1 hour). Cells were then infected with PR8 at a high MOI (5 or ~10) by directly pipetting virus onto coverslips; any inhibitors indicated were added at this time. After a one hour adsorbtion period, 2 mL of warm media (with inhibitors, if applicable) was added to 6-wells containing coverslips and incubation was allowed to continue for an additional 4.5 hours. At this point, LysoTracker Red was added to a final concentration of 200 nM and cells were incubated for 30 min. After the six hour infection period was complete, cells were washed with PBS and fixed in 4% formaldehyde for 17 min. For conditions requiring permeabilization, cells were treated with 0.25% Triton X-100 for 10 min. After two washes in PBS, cells were blocked in PBS + 1% BSA + 0.05% Tween 20 for one hour and then incubated in anti-HA primary antibody at a 1:10 dilution overnight at 4 C. The following day, slides were washed in PBS and incubated in secondary (anti-mouse FITC) at a 1:100 dilution for two hours. Slides were then washed once more and incubated in Hoechst 33342 for 3 min at a 1:4000 dilution, rinsed, mounted, and viewed using the Zeiss LSM 510 confocal fluorescence microscope. Images were acquired using Zen 2008 (Zeiss; Toronto, Canada). Colocalization was assessed using the JACoP plugin for ImageJ (38) .
Hemagglutination Assay
Hemagglutination assays were performed as described previously (39) . Briefly, 1 x 10 6 BMDIM or A549 cells in the presence or absence of CA-074Me were infected at an MOI of 1 in a total volume of 1 mL PBS. After one hour adsorption, PBS and virus were aspirated, and cells were washed twice in PBS. Two mL of fresh serum-free DMEM with 2.5 μg/mL trypsin was added to A549 cells, along with CA-074Me if applicable, and incubation continued for an additional 23 h. Serum was omitted as it contains nonspecific inhibitors of IAV infection (40) . Since BMDIM showed significant sensitivity to prolonged incubation in serum-free media, 2 mL of complete RPMI was added for 17 h, after which time media was removed and cells were washed twice in PBS. Two mL of fresh serum-free RPMI with 2.5 μg/mL trypsin was added for the remaining 6 h of the 23 h incubation. Twenty four hours post-infection, supernatant was collected and centrifuged to pellet debris. Fifty μL from each condition was added to 50 μL of PBS in triplicate and serially diluted two-fold. A PBS-only control and a positive control using the stock virus were run with each replicate. Fifty μL of a 0.5% adult chicken erythrocyte (Charles River Laboratories; Wilmington, United States) solution in PBS was added to each well and gently mixed. After incubating 30 min at room temperature, wells were scored as either positive or negative, and the titre reported as the reciprocal of the highest dilution which yielded agglutination.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 4 (GraphPad Software; San Diego, United States). Results were considered statistically significant if p ≤ 0.05 for either t-test or one-way ANOVA followed by a Tukey's post hoc test, as stated in the figure legends. Data are presented as means ± SEM, where error bars denote biological variations between experiments. Co-localization was assessed using the JACoP plugin for ImageJ to determine Pearson's coefficients to numerically define the degree of overlap between red and green channels.
RESULTS
CTSB B is required for optimal production of IAV-PR8
To examine the involvement of CTSB in IAV-PR8 propagation, we first examined production of progeny IAV virions by wild-type and CTSB-deficient (CTSB −/− ) bone marrow-derived immortalized macrophages (BMDIM) through hemagglutination assays after 24 h post-infection. The release of progeny virions by CTSB −/− cells was about 4-fold less than that by wild-type cells (Fig. 1A) .
CTSB-deficient or CA-074Me-treated BMDIM are defective in presenting HA on the plasma membrane Since CTSB −/− cells were defective in releasing IAV-PR8 virions, we examined whether CTSB was involved in presentation of HA on the surface of infected cells. To this end, wildtype cells, wild-type cells treated with CA-074Me (50 μM, for 30 min) and CTSB −/− cells were infected with IAV-PR8 at an MOI of 2 for 5 hours, and amounts of HA on the cell surface were analyzed using FACS. In wild-type non-treated cells, about 50% of cells were labeled with HA antibodies (Fig. 1B, red line) . However, the numbers of HA-labeled cells were decreased to about 28% and 10% in CA-074Me treated (green line) and CTSB −/− cells (orange line), respectively. These results suggest that CTSB or its catalytic activity was required for proper plasma membrane presentation of IAV-PR8 HA proteins.
CTSB is required for optimal production of HA protein
To further examine whether CTSB was involved in the entry or replication of IAV-PR8, wild-type and CTSB −/− cells were infected in the presence or absence of actinomycin D (ActD). ActD is a transcriptional inhibitor that has been used extensively in influenza research to block viral replication by preventing nuclear import of the viral genome (41, 42) . Therefore, cells treated with ActD contain only the genetic material and viral proteins endocytosed from the original inoculum, affording an accurate means of assessing viral endocytosis in the absence of replication products. The extents of viral entry and replication were determined by real-time RT-qPCR on two viral genes: the hemagglutinin (HA) specific to the PR8 strain of IAV and the matrix (MA) gene highly conserved among IAV subtypes (37) . RT-qPCR has proven to be a useful tool in quantifying influenza particles (43, 44) . This is due in part to its sensitivity and the genetic nature of the virus, which packages one copy of each viral gene per virion. Thus, calculations of copy number accurately reflect the absolute number of virions present. As shown in Fig. 2A , RNA copy numbers of HA (left panel) and MA (right panel) were similar between wild-type and CTSB −/− cells treated with ActD. Both copy numbers of HA and MA were ~2-fold higher in cells without ActD treatments, indicating production of new viral RNAs. ActD did not influence the viability of these cells (Data not shown). Since CTSB was not involved in either viral entry or RNA synthesis. We examined whether HA protein expression was defected in CTSB −/− cells. To this end, cell lysates of IAV-infected wild-type and CTSB −/− cells in the presence or absence of ActD were subjected to Western blot analysis for viral HA protein. Densitometric analysis of the immunereacted bands was performed and the intensities were normalized to those of β-actin. As shown in Fig. 2B , the amount of HA protein detected was significantly lower (~50%) in CTSB −/− cells than that of wild-type cells. Similar results were also obtained in primary bone marrow-derived macrophages prepared from wild-type and CTSB−/− mice (Fig. 2C) .
CA-074Me inhibits IAV-PR8 HA production in human lung epithelial cell line A549 cells
To examine whether the involvement of CTSB in IAV-PR8 production was specific to murine macrophages or not, we performed similar experiments using CA-074Me in the human lung epithelial cell line A549 cells. These cells more closely approximate the respiratory epithelium which is infected in vivo, and as such are commonly used in influenza research. Consistent with data obtained from CTSB −/− BMDIM, CA-074Me (up to 150 μM) had no effects on viral RNA copy numbers of HA and MA in IAV-PR8-infected A549 cells in the absence or presence of ActD (Fig. 3A) . However, Western blots against HA protein showed significantly decreased band intensities (~25%) in cells treated with 150 μM of CA-074Me, compared to those in non-treated cells (Fig. 3B) . Since no HA bands were detected in cells treated with ActD, HA proteins shown in Western blots likely represent newly synthesized HA proteins (Fig. 3C) . Treatments of CA-074Me had no effects on the viability of A549 cells (Data not shown).
CA-074Me prevents formation of HA positive puncta in IAV-PR8-infected A549 cells
After translation of HA RNAs, HA proteins are trafficked to the host plasma membrane via the Golgi network where they are embedded on the cell surface (45) . Since CTSB has been shown to have a role in trafficking functions (31, 32, 46) , it is possible that its inhibition may disrupt the transport of HA, subsequently targeting cargo for destruction in lysosomes (47) . Thus, we examined whether HA proteins were prevented from being transported to plasma membrane or redirected to lysosomal degradation, which may result in a defect in the infection of adjacent cells and an overall decrease in HA protein production by CA-074Me. To this end, A549 cells were infected in the presence or absence of CA-074Me and/or ActD, and HA proteins were visualized through confocal immunofluorescence microscopy. In nontreated cells, IAV-PR8 infection (MOI of 10) yielded an even staining pattern for HA (green) in the plasma membrane of many cells (Fig. 4A, left panel) . Treatment with either CA-074Me (150 μM) or ActD (5 μg/mL) abolished the staining pattern, and instead only aggregated puncta at the surface of cells were visible in a limited number of cells (right panels). Since no HA was detected in cells treated with ActD through Western blots (Fig.  3C) , the aggregated puncta detected in CA-074Me-or ActD-treated cells could be viruses inoculated. To eliminate signals from inoculated viruses and to quantify production of HApositive vesicles, A549 cells were infected with IAV-PR8 at an MOI of 1 and cells were permeabilized before immunostaining. As shown in Fig. 4B , non-treated cells showed distinct punta, whereas CA-074Me-or ActD-treated cells showed no aggregated puncta and significantly less intracellular staining for HA relative to untreated cells; ActD-treated cells showed almost no intracellular staining (Fig. 4B, middle and right panels; Fig. 4C ).
Furthermore, colocalization of HA and late endosome/lysosome was quantified using the analysis described in (48) and found that there was no apparent colocalization of these compartments in any of the conditions (Pearson's coefficients = 0.057, 0.082 and 0.003 for untreated, CA-074Me-treated and ActD-treated cells, respectively).
Discussion
Ours and several other studies have identified CTSB as a key factor involved in the progress of various viral lifecycles (22-26, 29, 30, 32, 49) . In most cases, the role of CTSB is to proteolytically activate viral proteins which facilitate escape into the cytoplasm following endocytosis. Given that IAV uses endosomes to enter host cells and transport viral genome to nucleus, we examined the role of CTSB in the early stages of the viral lifecycle. However, no significant differences between wild-type and CTSB −/− BMDIMs, and between CA-074Me-treated and non-treated A549 cells were detected in viral entry and subsequent replication (Fig. 2B & 2A) . These data indicate that CTSB played no apparent role in the early lifecycle of IAV-PR8. As expected, cells treated with ActD had lower copy numbers of both HA and MA RNAs than untreated in BMDIM and A549 cells. However, there was a notable difference in the titres achieved in these cells in terms of both entry and replication. In the presence of ActD, A549 cells show fewer copies of both genes (~1-5 x 10 4 ) compared to BMDIM (~2 x 10 7 ). At an MOI of 1, the viral inoculum contained approximately 10 6 particles, suggesting that approximately 5% of inoculum had infected A549 cells, while BMDIM contained 20-fold more viral RNA copies than inoculated. The large amount of viral RNAs in BMDIM could be due to the phagocytic nature of the cell and the propensity of influenza virus to generate defective particles in culture (45, 50, 51) . Conversely, in the absence of ActD, A549 cells produced about 5-fold more viral RNAs than BMDIM (~7 x 10 7 versus ~3 x 10 8 ). This may reflect the permissiveness of the respective cell type to infection, which is consistent with a previous observation that IAV replicates to higher titres in epithelial cells than macrophages (52) .
Out of the eleven proteins generated during IAV infection, HA is absolutely crucial for infectivity (5) and virions lacking HA are non-infectious due to an inability to bind host cells or escape endosomes following endocytosis (53) . HA proteins are also abundantly expressed in infected cells (45) and easily detected by Western blot or cytometry analysis. Therefore, HA expression was examined as a marker for viral protein production. Approximately 2.5 h post-infection, the background of host proteins is dramatically reduced as the cellular machinery is usurped for the production of viral proteins. Most viral proteins including HA are detected in 3 h post infection, which is stable up to 10 h (54). Unlike the case for the entry and replication, CTSB −/− BMDIM or CA-074Me-treated A549 cells contained significantly less amounts of HA protein than wild-type or non-treated cells, respectively, when measured 6 h post-infection (Fig. 2B-C & 3B) . Also, HA proteins were not detected in infected cells in the presence of ActD (Fig. 3C) , suggesting that immunoreactive HA bands detected newly synthesized viral proteins. Collectively, these data suggest that CTSB was required for optimal production of IAV-PR8 HA protein.
To examine the fate of HA protein in CTSB-deficient cells, A549 cells infected with IAV-PR8 in the presence or absence of CA-074Me or ActD were visualized using confocal immunofluorescence microscopy. We found that CA-074Me-treated cells had a noticeable reduction in the number and size of HA-positive puncta which were not colocalized with late endosomes/lysosomes (Fig. 4) , suggesting that HA proteins were not likely targeted to lysosomal degradation in cells defected in CTSB activity. The lysosomal degradation pathway inhibitor chloroquine also did not induce an accumulation of HA proteins in cells treated with CA-074Me-treated or in CTSB −/− cells (data not shown); however, any inhibition in endosomal maturation could inhibit viral release from endosomes to the host cytoplasm (55) , obscuring the data interpretation. The ubiquitin-proteasome degradation pathway is an alternative process for protein degradation; however, the proteosome inhibitor MG132 also did not cause an increase of HA protein expression in IAV-PR8-infected CTSB −/− BMDIM cells (data not shown). Therefore, further studies are required to determine how CTSB enhances production of HA proteins at the levels of protein degradation or synthesis.
Nonetheless, it is clear that CTSB was required for optimal production of HA proteins, and genetic defects in or chemical inhibition of CTSB expression resulted in impairments of the surface presentation of HA protein and progeny virion production (Fig. 1 ) . To measure progeny virus production we used the hemagglutination assay which measures viral titres on the basis of HA protein on the surface of particles. Progeny virions acquire HA and other envelope glycoproteins passively by budding from infected host cells which bear these proteins on their membranes (56) . Absence of HA in the host membrane could have several deleterious consequences, considering HA is critical for endocytosis (5) and endosomal escape (57) , and export and packaging of progeny genomes (7, 8) . Thus, if progeny lacking HA are released from infected cells, it is likely that they will possess defects related to one or more of the above functions.
Resistance of circulating IAV strains to older antivirals such as amantadine as well as newer antivirals such as oseltamivir has increased at an alarming rate over the past decade (58) . Given the rate with which antiviral therapies are becoming obsolete due to viral mutations, a more effective strategy would be to target host rather than viral components required for the effective replication of IAV. Previously, IAV was shown to elevate CTSB activity and expression that facilitates antigen processing in dendritic cells murine cells (59) . Here, we also showed that deficiency in CTSB lead to defects in IAV virion production, suggesting that targeting CTSB could be a novel therapeutic strategy for IAV infection. 
